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Impact of recent coastal development and human 
activities on Nha Trang Bay (Vietnam): evidence 
from a Porites Lutea geochemical record 
Abstract 
Nha Trang Bay (NTB) is located on the Central Vietnam coast, western South China Sea. Recent 
coastal development of Nha Trang City has raised public concern over an increasing level of 
pollution within the bay and degradation of nearby coral reefs. In this study, multiple proxies [e.g., 
trace metals, rare earth elements (REEs), and Y/Ho] recorded in a massive Porites lutea coral 
colony were used to reconstruct changes in seawater conditions in the NTB from 1995 to 2009. A 
fourteen-year record of REEs and other trace metals revealed that the concentrations of terrestrial 
trace metals have increased dramatically in response to an increase in coastal development projects 
such as road, port, and resort constructions, port and river dredging, and dumping activities since 
2000. The effects of such developmental processes are also evident in changes in REE patterns and 
Y/Ho ratios through time, suggesting that both parameters are critical proxies for marine pollution.    
Introduction 
Annually banded massive corals, such as Porites spp., have proven to be ideal 
material for high-resolution paleoclimatic and environmental reconstructions 
because of their sensitivity to environmental changes, longevity, wide distribution 
in the tropical oceans (Gagan et al. 2000; Yu et al. 2005), and their resilience to 
breakage and erosion (Corrège 2006a). They have been used to reconstruct sea 
surface temperature (SST) and salinity by using element/calcium (Ca) ratios (e.g., 
Sr/Ca, Mg/Ca, U/Ca) and stable isotopes (e.g. δ18O) preserved in their aragonite 
skeletons (e.g., Beck et al. 1992; McCulloch et al. 1994, 1996; Gagan et al. 1998; 
Yu et al. 2004; Wei et al. 2007). They also provide a high-resolution record of 
past precipitation, river discharge, upwelling and ocean circulation, which are 
derived from skeletal δ18O (McCulloch et al. 1994), Ba/Ca (Alibert et al. 2003; 
McCulloch et al. 2003), Cd/Ca (Matthews et al. 2008) and δ14C records (Druffel 
and Griffin 1993), respectively. Recently, Porites corals have been increasingly 
used to monitor pollution of coastal environments by characterizing changes in 
the abundances of trace metals such as rare earth elements (REEs), Cu, Pb, Zn, 
Fe, Mn, V, Zr, Co, Ni and Cr (Shen and Boyle 1988a; Esslemont 2000; Fallon et 
al. 2002; Alibert et al. 2003; Inoue et al. 2004; Ramos et al. 2004; Lewis et al. 
2007). 
 
The assimilation of REEs and other trace elements into the coral skeleton in 
proportion to ambient sea water concentrations has been widely documented. 
These trace elements can substitute for Ca in the crystal lattice, or can be trapped 
in skeletal pore spaces in the form of trace element-rich particles. In addition, 
trace elements associated with organic matter can be incorporated into the coral 
skeleton during feeding (Howard and Brown 1984; Corrège 2006b). However, the 
mechanisms of incorporation of trace elements into the coral skeleton are not fully 
understood (Cohen and McConnaughey 2003). Furthermore, little is known about 
the role that coral tissues and their endosymbiotic zooxanthellae play in trace 
element accumulation and regulation. Some studies have shown that 
concentrations of certain trace metals in coral skeletons are lower than in the 
tissue, and not all the metals taken up by living corals are transferred to the 
skeleton (Howard and Brown 1984; Esslemont 1999; Reichelt-Brushett and 
McOrist 2003). Regardless of the assimilation mechanisms, an increasing number 
of studies have successfully used corals as biomonitors of marine pollution, and it 
is widely documented that corals exposed to extremely polluted areas commonly 
show a much higher concentration of trace metals than corals in less polluted 
areas (Chen et al. 2010). For instance, the concentrations of REEs and other trace 
elements in corals off the Misima gold and silver mine in Papua New Guinea 
appeared to be two orders of magnitude higher following the opening of the mine 
in 1988 (Fallon et al. 2002). In the Great Barrier Reef, the opening of Port Curtis 
followed by the establishment of the first sheep run in the southern Burdekin 
River catchment saw a sharp Mn spike around 1855-1856 AD (Lewis et al., 
2007). Similarly, elevated Cu, Mn, Fe and Zn were reported in the 1996 growth 
bands of Porites corals collected from Ihatub reef, Marinduque Island, Philippines 
as a result of a collapse of the tailings impoundment of the Marcopper Mine in 
March 1996 (David 2003). It is obvious that the level of trace metals incorporated 
in the corals during skeletogenesis largely depends on their availability in the 
ambient environment. Therefore, the utilization of corals as a tool for monitoring 
pollution of the marine environment is widely accepted, and has become 
especially useful in places where the environmental records are short, poorly 
resolved, and discontinuous.  
 
In this study, a Porites lutea coral was used to produce high resolution 
geochemical data in order to reconstruct historical environmental conditions of 
Nha Trang Bay (NTB), Vietnam, western South China Sea (SCS). The 
geochemical data include REEs and other trace elements (Ti, V, Mn, Fe, Cu, Rb, 
Tl, Pb, Th, and U), which were analyzed to investigate the association between 
their temporal variability and recent coastal development as well as other human 
activities. In addition, the source of pollutants and their behavior in the bay are 
investigated using the geochemical signatures in the coral. 
Location and Environmental Setting 
Nha Trang City (NTC) is located in Khanh Hoa province in southern Central 
Vietnam, western SCS (Fig. 1). Prior to 1995, the economy of Khanh Hoa 
province relied heavily on agriculture, forestry and fishery, which accounted for 
~50% of the total gross domestic product. However, the industrial construction 
and service-tourism sectors have grown substantially since 1999, and the 
contribution of these two economic sectors to the Khanh Hoa province has been 
enormous, accounting for 80% of the total gross domestic product of the province 
(KHBoS 2006). The growth in these economic sectors was accompanied by an 
increase in the number of construction projects, including roads and ports, hotels 
and resorts, the upgrading or opening of industrial zones, and urbanization of 
NTC since late 2000. Tourist resorts not only emerged inland, but were also built 
on islands, e.g., Vinpearl Land, Diamond, Hon Tam, and Hon Mun resorts. 
 
NTB (12o09’ - 12o17’N, 109o09’- 109o24’E) is a shallow coastal water body with 
an area of ~507 km2 adjacent to NTC (Fig. 1). The bay is hydrologically 
connected with the mainland by two main rivers: Cai River and Tac (or Lo) River, 
with catchment areas of 1900 km2 and 120 km2, respectively. Both rivers originate 
in mountainous areas at an altitude of ~500 m above sea level. These rivers are 
notably short, but their slopes are quite steep. For the Cai River, this may account 
for the remarkably high annual discharge (916.32 km3) and annual sediment load 
(80.38 million tonnes) (NCHMF 2011). In contrast, the Tac River has a smaller 
catchment area and a lower slope, contributing only ~0.09 km3 annual discharge 
and ~0.26 million tonnes annually of total solid materials to the bay (Le, 2009).  
 
Ten islands are located within the bay, and these islands and their rocky shores 
provide optimal conditions for the development of reef ecosystems. Beautiful 
coral reefs and stunning landscapes make the bay an ideal place for tourism. An 
international port located in the bay has the capacity to receive hundreds of ships 
and tens of thousands of tourists annually. As the bay is protected by islands, it is 
an ideal location for mariculture activities, which have become an important 
component in the economy of the province. NTB is not only valued as a 
biological treasure, but also regarded as an enormous resource contributing to 
local economic development.  
 
Environmental degradation often accompanies economic development, and NTB 
is of no exception. Recent reports have shown that NTB, and coral reefs within 
the bay have deteriorated as a result of recent coastal development and human 
activities, which have raised public concern (Vo et al. 2005, 2008; Nguyen et al. 
2007; Chernova and Sergeeva 2008). Water quality has significantly deteriorated, 
particularly as a result of increased tourism and mariculture activities in the 
adjacent areas. Eroded materials from recent resort and port infrastructure 
constructions, urbanization, and expansion of industrial zones are transported to 
the bay via the rivers or as localized runoff from urban areas, contributing to the 
alarming degradation of the bay environment and ecosystems (Nguyen et al. 
2007). Monitoring data from some reefs in NTB have shown that the covers of 
live corals, hard corals and soft corals have declined by 16.2%, 13.1% and 3.1%, 
respectively, from 1994 to 2007 (Vo et al. 2008)  
 
There is no doubt that the degradation of coral reefs in the bay is a result of a 
series of natural (climatic) and anthropogenic factors. However, anthropogenic 
contribution has become a major concern (Latypov 2006). Little information is 
available on the temporal environmental changes in NTB. What data that is 
available are discontinuous and measured at a low resolution. Therefore, the 
outcomes of this study will provide a rigorous scientific background for policy 
aimed at protecting the coral reefs and the bay from anthropogenic disturbance.  
Material and methods 
Sample collection and pre-treatment 
A live Porites lutea coral colony ~40 cm in diameter was collected in August 
2009 at 3 m depth from Tre Island reef, located within the Mun Island Marine 
Protected Area (Fig. 1). One well-preserved coral slab 20 cm long and 0.5 cm 
thick was chosen for this study (Fig. 2c). The coral slab was treated with H2O2 to 
eliminate organic matters bound to the coral surface. The slab was then dried and 
X-rayed to identify annual growth bands. The X-ray image was used as a guide 
for drilling. Fifteen to twenty-five samples per annual growth band, equivalent to 
monthly to fortnightly resolution depending on the thickness of each band, were 
sampled at 0.5 – 1 mm increments along the main growth axis using a handheld 
drill with 2 mm drill-bits. 
Analytical methods 
 Sr/Ca measurements for coral chronology  
Variations of Sr/Ca ratios in the coral skeleton have been proven to be a function 
of ambient SST, with seasonal cycles being clearly displayed in coral skeletons 
from tropical ocean environments (Smith et al. 1979; Beck et al. 1992). The Sr/Ca 
measurement was performed using a Thermo X-Series quadruple ICP-MS housed 
at the University of Queensland (UQ). Approximately 200 g of coral powder for 
each sample was dissolved in 10 ml 2% double quartz-distilled HNO3 spiked with 
20 ppb Scandium (Sc), Vanadium (V), Yttrium (Y), and Indium (In) as internal 
standards to achieve a typical working solution with a dilution factor of around 
1:50 000. The instrumental drift-corrected Sr/Ca ratios were calibrated against the 
Jcp-1 coral standard. Long-term analytical reproducibility was better than 0.15% 
(1-sigma) for Sr/Ca measurements. 
REEs and other trace element measurements 
REEs and other trace elements were also measured by using a Thermo X-series 
ICP-MS. About 10 mg of each coral powder sample was dissolved in 7 ml of 2% 
HNO3 solution. An aliquot (2.5-3 ml) of each sample solution was spiked with a 
multi-isotope internal standard consisting of 6 ppb 6Li, 61Ni, 103Rh, 115In, and 
187Re and then diluted to achieve a final solution of 10 ml, corresponding to a 
dilution factor of around 1:2500. The sample solutions were placed in an 
ultrasonic bath for one hour to aid dissolution. No residue was visible after 
centrifuging. U.S.G.S dolerite (W-2), basalt (BIR-1) and Jcp-1 reference materials 
were also prepared in the same way and used as calibration standards. The signals 
of REEs and Y isotopes (89Y, 139La, 140Ce, 141Pr, 146Nd, 149Sm, 153Eu, 159Tb, 160Gd, 
161Dy, 165Ho, 167Er, 169Tm, 172Yb, 175Lu), the internal standard isotopes, and the 
other major and trace element isotopes (25Mg, 43Ca, 49Ti, 51V, 55Mn, 57Fe, 65Cu, 
85Rb, 86Sr, 205Tl, 207Pb, 232Th, and 238U) were simultaneously monitored and 
measured in the same aliquots.  
 
The blank-subtracted signals of the monitored isotopes were corrected for mass 
response drift and matrix effects using the signal strengths of the multi-isotope 
internal standard, and externally corrected for longer-term instrumental drift 
through repeated measurements of a drift-monitoring solution (a mix of Jcp-1 and 
a small amount of W-2). These signals were further corrected for any oxide, 
hydroxide, and isobaric interferences, and then calibrated against the certified or 
recommended elemental concentrations in the W-2 standard (with exception of 
Ca, Mg, Sr, and Fe, which were calibrated using the Jcp-1 standard) to calculate 
elemental concentrations in the coral samples. The repeated BIR-1 rock standard 
(which was measured with the samples and calibrated using the W-2 standard) 
yielded an overall reproducibility of ~1.5% (1 RSD - relative standard deviation). 
REEs and other trace elements (n=12) had a reproducibility of ~2.5%. The 
reproducibility of the Jcp-1-calibrated elements, calculated from repeated 
measurements of Jcp-1 as unknown samples (n=12), was 1.3% (Ca), 1.5% (Mg), 
0.48% (Sr), 2.1% (Fe), and 0.8% (Ba).  
Results 
Time series of coral geochemical data  
The Sr/Ca results of 345 coral sub-samples revealed 14 annual cycles, with each 
peak and trough corresponding to the heights of winter and summer, respectively 
(Fig. 2a). The 14-year instrumental SST record (http://www.esrl.noaa.gov/psd/) 
corresponding to the same time period was also plotted (Fig. 2b). The Sr/Ca ratios 
were then calibrated against the instrumental SST data by overlaying and 
matching the maximum (summer peak) and minimum SST (winter peak) values 
with corresponding low and high Sr/Ca ratios (Marshall and McCulloch 2002). 
Two mid-points from each Sr/Ca cycle were also compared to the corresponding 
SST cycle (Yu et al. 2005). The resulting Sr/Ca time series is shown in Figure 2. 
The chronology was then applied to the entire coral geochemical data of interest. 
Since the coral was collected in August 2009, the geochemical data extends over 
14 years to March 1995. Thus the high-resolution geochemical data obtained in 
this study spans the time period during which dramatic coastal development of 
NTC occurred. 
Rare earth and other trace element profiles 
A visual assessment of  total REEs and other trace elements (Ti, V, Mn, Fe, Cu, 
Rb, Sr, Tl, Pb, Th, and U) allows us to divide the data into six periods: P1 
(January 1995 to December 1997), P2 (January 1998 to December 2000), P3 
(January 2001 to December 2004), P4 (January 2005 to March 2006), P5 (April 
2006 to August 2008), and P6 (September 2008 to August 2009; Fig. 3). The 
minimum, maximum, and average values of the trace elements in each period are 
presented in Table 1. Periods P1 and P2 had the lower trace element 
concentrations, compared to the other periods. These low concentrations agree 
remarkably well with those published from Porites sp. corals collected from 
pristine environments elsewhere in the world (Ramos et al. 2004; Al-Rousan et al. 
2007). These values were subsequently used as baseline values to assess the 
pollution level in NTB from 1995 to present.  
 
During P1-P2, concentrations of total REEs, Rb, Tl and Th are generally low 
(0.14, 0.05, 0.0037 and ~0.002 µgg-1, respectively) and increase slightly from P3 
to P4. Concentrations rise dramatically to form two anomalously high peaks with 
concentrations of 4-8 fold higher during P5 compared to P1-P2. Each of these 
peaks was sustained for nearly a year before dropping down to “baseline” levels 
during P6. Similar patterns are also found in Mn, Ti and Pb concentrations 
between P2 and P6, except during P1 where their concentrations reveal short-term 
(less than a year) peaks. The variations in the concentrations of Fe, Cu, and U are 
significantly different from those of the other trace elements. As shown in Figure 
3e, U variability shows annual cycles as expected, whereas Fe remains relatively 
constant over the time of interest. Cu decreased from a high value of ~12.6 µgg-1 
in 1995, and then increased again, up to 44.1 µgg-1 over a few years prior to the 
time of sample collection. 
REE + Y patterns 
In order to characterize the REE + Y (REY herein) patterns, the average 
concentrations of these elements in each period were normalized against the Post 
Archean Australian Shale (PAAS) values (Taylor and McLennan 1985). The 
PAAS-normalized values of the coral REY were plotted in order of increasing 
atomic weights, except for Y which was plotted between Dysprosium (Dy) and 
Holmium (Ho). Y/Ho is a typical geochemical pair and the two elements do not 
fractionate from each other under normal crust-mantle geochemical processes 
(Fig. 4). The values of the characteristic fractionation of the REEs and their 
anomalies relative to their neighbors were calculated after Bolhar et al. (2004), 
and are presented in Table 2 and Figure 3f.  
 
The systematic change in the coral REY pattern through the time of interest is 
clearly shown in Figure 4. In general, REY becomes increasingly enriched from 
1995 to 2008 (P1-P5), except during P6 when REY was slightly lower compared 
to P5. The REY patterns (e.g. the slopes) also varied significantly. Coral skeleton 
deposited during P1 and P2 is characterized by a positive slope with light REE 
depletion relative to heavy REE, as well as marked negative Ce and positive Y 
anomaly, typical of pristine corals or seawater (Ramos et al. 2004; Al-Rousan et 
al. 2007). A substantial change in the REY pattern occurred during P5 (2006-
2008), where the REY pattern become almost flat, i.e. parallel to that of PAAS, 
and the Ce and Y anomalies almost disappear, suggesting the REEs in the coral 
skeleton that formed during this period were pre-dominantly derived from PAAS-
like terrigenous sediments. The molar Y/Ho ratios were highest during P1 and P2, 
averaging ~110 (Fig. 3f), which decreased to ~53 during P5, almost identical to 
the shale value of ~50. 
 
Discussion  
Variations of total REY and other trace element concentrations and their 
correlation with recent coastal development 
The 14-year record of trace element variability obtained from the Porites colony 
spans a period of major coastal development that occurred in NTC from 1995 to 
2009. Table 3 lists a series of coastal development projects, with the majority of 
the projects initiated in 2000. In December 2000, the dredging of the Nha Trang 
Port began, with the first stage including the disposal of dredged material in NTB. 
This was followed by the construction of a new port bridge until 2003. During this 
period, 143 786 m3 of dredged materials were dumped into NTB, coinciding with 
the timing of the sharp increase in REY and other trace elements (particularly Mn, 
V, Ti, Rb, Th, and Tl) concentrations from 2001 to 2003 (Fig. 3a, 3b, 3c & 3d). 
This is evident to suggest that the port dredging, and dumping of dredged 
materials resulted in high concentrations of terrigenous suspended materials in the 
water column which were subsequently taken up by corals in NTB. As other 
construction projects started, the suspended solids in NTB may have come from a 
number of other sources resulting from sea-floor dredging and filling, land 
clearing and flattening activities for the construction of the Vinpearl Land Resort 
on Tre Island, and Diamond Resort in mainland (both of which are located ~5 and 
9 km, respectively, from the sampling site), and the construction of a commercial 
road that runs parallel to the shoreline as part of an urbanization project to expand 
NTC further north and south (Phan 2006).  
 
When the new port bridge construction finished in April 2003, the second phase 
of the Nha Trang Port dredging and dumping activities began. The timing of this 
activity coincides with another period of high trace element levels in the coral 
during P3. The dredging and dumping activities at this time were believed to have 
caused mass mortality of fish and lobsters maricultured by eleven producers on 
Tam Island ~1.5 km north of the dumping sites (based on a letter dated 
27/02/2004, signed by Vinh Nguyen ward’s People Committee, sent to the Nha 
Trang Port). Although no direct evidence of reduced coral cover or increased coral 
mortality caused by dredging and dumping activities is available, the annual 
monitoring data showed that there was a decline in the cover of live coral (by 
~8%) in NTB from 2002 to 2004 (Vo et. al 2008). 
 
A period of relatively little disturbance occurred between October 2004 and 
February 2006 and the concentrations of trace elements returned almost back to 
baseline values. This relatively un-disturbed period was soon interrupted by a 
period of intense development in NTC, where NTB was again exposed to another 
two stages of dredging of the Tac River between March and August 2006 and 
March and September 2007. These two periods of dredging resulted in two cycles 
of extremely elevated trace element levels in the coral (Fig. 3). Although the first 
period of the river dredging activity ended in August 2006, the trace element 
concentrations continued to rise, and reached a peak around November 2006 
before decreasing to a minimum around August 2007. This indicates that the 
dredged materials remained in the water column well after the cessation of 
dredging activities. The second period of river dredging started around March 
2007, but the trace element levels in the coral did not increase until August 2007, 
suggesting that ocean currents may have played an important role in the transport 
of re-suspended materials.  
 
According to Nguyen (1997), NTB is generally modulated by two ocean currents: 
a southward current occurring between October and April, and a northward 
current occurring between May and September. Accordingly, the coral trace 
element concentrations continued to rise after the cessation of the Tac River 
dredging activity in August 2006, when suspended materials were carried to the 
north. A similar explanation could account for the second cycle of elevated trace 
element concentrations during the second period of dredging activity. When the 
dumping activity began, it is likely that most of the suspended materials were 
carried southwards by the southward current. When the current changed its 
direction back to the north, the corals recorded not only the suspended materials 
moving from the south, but also the newly dumped materials. Similar to the first 
period of dredging, the dumped spoils remained suspended in the water column 
for nearly 12 months after dumping ceased because of the modulation of the sea 
current system. Since the river bottom was dredged, it is also possible that the Tac 
River flow would have increased, resulting in a greater amount of eroded 
materials from upstream being transported further seawards; contributing to the 
sediment plumes in NTB.  
 After these two episodes of intense disturbance, NTB returned to its initial 
condition around 6-8 months after the completion of dredging and dumping 
activities. The high concentrations of trace elements during P6 may be due to high 
levels of remnant organic matter in the top growth band despite the coral being 
treated in H2O2 solution. Numerous studies have shown that trace elements are 
more enriched in the coral tissues compared to the coral skeleton (e.g., Howard 
and Brown 1984; Reichelt-Brushett and McOrist 2003). 
 
Interestingly, the results also showed that the Fe and Cu had relatively stable 
baseline values (Fig. 3), even during the active dredging and dumping period. 
This could be related to a geochemical mechanism during which these elements 
are quickly precipitated to form a hydrous iron after spoilage dumping 
(Sholkovitz 1978). Other elements (e.g. REEs, Mn, Th, V, Ti, Pb) were sustained 
in the disolved phase for a longer period after spoilage dumping, and carried to 
the sampling location. To better understand this mechanism, geochemical analysis 
of the spoiled materials is necessary, but it is beyond the scope of this study. 
 
In short, the eroded and re-suspended materials delivered by recent coastal 
construction projects and by the port and river dredging and disposing activities 
were the primary cause for the enrichment of trace elements in NTB. The coral 
reefs in NTB would have been stressed by excessive sediments caused by such 
human activities. 
Dredged materials, coastal eroded materials and their fate after dumping in 
NTB 
The Nha Trang Port and the Tac River estuary are the two main sources of 
dredged materials dumped in NTB. The materials dredged from the Tac River 
estuary were primarily estuarine sediments regarded as a sink for chemical species 
(Sholkovitz 1978; Sholkovitz et al. 1978). REEs and other trace elements (e.g.  
Mn, Pb, Tl, and Th) are generally more reactive and behave non-conservatively in 
the mixing zone. When salinity increases, they rapidly adsorb onto organic matter 
and the hydrous iron (Sholkovitz 1978; Sholkovitz et al. 1978). As a result, a 
major proportion of these elements are removed from the river water and settles 
down in the estuarine bed. Therefore, the Tac River’s dredged spoil would be 
significantly concentrated in these elements, as well as other pollutants and 
organic matter discharged from nearby industrial zones (i.e. Bac Hon Ong 
industrial zone and the Binh Tan’s ship building company), aquaculture facilities 
and households. The dredged spoils from the Nha Trang Port would be 
contaminated by pollutants derived from the loading and unloading of goods, 
petroleum spills, and sewage discharge. Higher concentrations of REEs and other 
trace elements incorporated into the coral following dredging activities in the Tac 
River compared to the geochemical signature of dredged material from Nha Trang 
Port may be indicative of an increase in river discharge. Thus an increase in 
sediment input to NTB from the Tac River may explain the higher concentrations 
of REEs and trace elements in the coral. 
 
Since 2001, approximately two million cubic metres of dredged spoil were 
dumped into NTB at four different sites, but mostly at dumping site 4 (Fig. 1). 
These dumping sites are situated ~9 km southwest of the coral sampling site. 
Following the beginning of dumping activity, it is likely that the spoils were 
dispersed in the water column and transported by ocean currents, rapidly affecting 
the coral reefs in NTB. This is consistent with the anomalously high 
concentrations of trace elements recorded in the coral skeleton a month after the 
dumping activity began in March 2006. Before the Tac River dredging project 
began, an environmental impact assessment was performed. In this assessment, a 
model study of the transportation of the dumped spoil in NTB indicated that 
around 96% of dumped spoils will settle around the dumping site with only 4% of 
fine particles being transported beyond the perimeter of the dumping site, but not 
to a significant distance (VITTEP 2006). The assessment did not take into account 
the labile phase of the dumped spoils, which plays a critical role in affecting water 
quality as well as the bay’s ecosystem. The labile phase is released to the water by 
desorption processes, whereby the trace elements, and trace metals in particular, 
bound to various components of the dredged materials disperse into the water 
column (Sinclair and McCulloch 2004). Estuarine sediments from the Tac River 
would be deposited in an anoxic environment beneath the river bed. Dredging and 
dumping activities would subsequently expose the sediments to oxygenated 
conditions, resulting in the release of trace metals which increases their 
bioavailability for uptake by marine organisms. Desorption of trace metals into 
natural waters from polluted sediments and dredged materials is a well-known 
process and has been extensively studied (e.g., Petersen et al. 1997; Caetano et al. 
2003; Cappuyns et al. 2006). Petersen et al. (1997) conducted a leaching 
experiment under natural conditions (pH was adjusted daily to ~7) and showed 
that up to 2% of heavy metals were remobilized from the sediments. Similarly, 
Cappuyns et al. (2006) proved that a large amount of trace metals are released into 
solution following a decrease in pH values from 7.5 to 4 after 17 days. Another 
experiment concluded that re-suspension (as a result of dredging activity) leads to 
a significant release of Fe, Mn, Cd, Cu, and Pb from the solid (Caetano et al. 
2003). Therefore, the two million cubic metres of Tac River sediments dumped in 
NTB are likely to have resulted in the release of considerable amounts of trace 
metals into the environment; a process that was unfortunately not considered in 
the assessment carried out by VITTEP (2006).  
 
REY patterns vary significantly over time since 1995, and are consistent with an 
increase in terrigenous sediment input as a result of human activities. Before 2000 
(P1-P2), the REY patterns were characterized by light REE depletion, typical of 
ambient seawater (Fig. 4). As discussed previously, there were no significant 
developments in NTC before 2000, and the coral most likely recorded REY 
values typical of coastal seawater resulting from the interaction between rivers 
and seawater in the mixing zone. The saline end-member is characterized by a 
modest depletion in light REEs and a negative Ce anomaly (Elderfield et al. 1990; 
Bolhar et al. 2004). The depletion in light REEs can be explained by the 
increasing ionic radii from Lu to La. Having larger ionic radii, the light REEs are 
less conservative (more reactive), and are easily adsorbed onto Mn and Fe oxides 
or organic matter, which eventually settle to the sea floor or the estuarine mixing 
zone. In terms of Ce, this element is sensitive to oxygenated conditions, where 
trivalent Ce3+ is rapidly oxidized to insoluble Ce4+ in the shallow water 
environment through bacterial mediation, leading to a deficiency of Ce (Ce 
negative anomaly) in solution (Sholkovitz et al. 1994). Therefore, the most 
depleted light REE patterns and the most negative Ce anomaly in the coral during 
P1 and P2 reflect the natural behavior of REEs delivered to seawater from the 
river system. The REY patterns during this time indicate that the bay water was 
less polluted and a well oxygenated environment.  
 
The increase in development projects from 2001 to 2005 (P3-P4) caused REEs to 
depart from their natural pattern, leading to a less pronounced negative Ce 
anomaly. In particular, an increase in turbidity and nutrients would have resulted 
in a depletion of oxygen in the water column. The patterns of REY from 2006 to 
2008 (P5) are shale-like, albeit with a slight enrichment of middle REEs (Fig. 4). 
These REY patterns are also similar to seawater in Connecticut as reported by 
Elderfield et al. (1990), and a Porites coral from the Taiho-o-kawa River mouth in 
Japan (Akagi et al. 2004); both of which are highly influenced by suspended 
material. It is suggested that NTB in general, and the reef where the coral was 
collected in particular, had been exposed to a significant amount of re-suspended 
material derived from the Tac River dredging and dumping activities. The bay 
environment, which was well oxygenated before this disturbance, became oxygen 
deficient, due to the decomposition of organic matter (Sholkovitz 1976) or 
eutrophication of the marine environment which caused algal blooms (Dubinsky 
and Stambler 1996). The anomalously high concentrations of trace elements 
recorded by the coral were not only derived from desorption and organic 
decomposition (Petersen et al. 1997), but also from the trace element-enriched 
particulates, colloids, and detritus trapped in cavities or incorporated into the 
skeleton through damaged polyps or via feeding (Howard and Brown 1984; 
Fallon et al. 2002). For these reasons, the REY pattern in the coral during the 
periods of dumping shows a strong affinity to the PAAS or the river sediments 
(Elderfield et al. 1990). In contrast to P5, the REY pattern in P6 (2009) can be 
explained by the enrichment of trace elements in the coral tissues and organic 
matter (or detritus) trapped in the newly built skeleton or bound to the coral 
surface layer, which are resistant to oxidation by H2O2.  
 
NTB environmental change was further assessed using the molar Y/Ho ratios. As 
shown in Figure 3f, molar Y/Ho ratios in our coral range from 52.9 to 112.2. The 
low end is similar to freshwater values (Lawrence and Kamber 2006), and the 
average shale value (50.1), while the high end is the same as seawater with 33‰ 
salinity (Lawrence and Kamber 2006). The molar Y/Ho ratios show a decreasing 
trend from P1 to P5, which coincides with an increase in trace elements caused by 
increasing sedimentation. This can be explained by the composition of spoils, 
which would have been enriched with Ho, but relatively depleted in Y. When Ho 
and Y were deposited in the Tac River estuary, the river water would have mixed 
with the seawater, resulting in Ho being rapidly scavenged by Fe oxyhydroxides 
and organic matter and settling to the river bed. On the other hand, Y remains 
preferentially in solution (Lawrence and Kamber 2006). As a result, the dredged 
spoil is more enriched in Ho than Y. When the dredged spoils were dumped in the 
bay water, the Ho-enriched dredged materials released an excess of Ho into the 
seawater, leading to the depleted molar Y/Ho ratios in the coral. The river (shale) 
signatures recorded in the coral thus reflect the composition of detritus, 
particulates, and colloids covering the reef as a result of the dredging and 
dumping activities. In conclusion, the dredged spoils and coastal eroded materials 
delivered to NTB resulted in excessive suspended materials with a large labile 
fraction in the water column. These materials are believed to prevent light 
penetration, disrupt water pH, cause algae blooms, and reduce dissolved oxygen 
levels, all of which are known to have deleterious effects on the coral reef 
ecosystem (Fabricius et al. 2005). 
Management implications 
To understand the extent to which NTB has been impacted due to recent human 
activities, we compare our data with reports obtained from Porites corals 
elsewhere in the world (Table 4). The maximum concentrations of the total REEs 
and Y in NTB are much higher than corals analyzed from Round Top Island and 
Keswick Island from the Great Barrier Reef, Australia (Jupiter 2008) and from 
corals adjacent to a mining area from Misima Island, Papua New Guinea (Fallon 
et al. 2002). The levels of trace metals in our coral are also higher than the corals 
from Misima Island (Fallon et al. 2002), Daya Bay in the northern SCS (Chen et 
al. 2010), Magnetic Island in northeastern Australia (Lewis et al. 2007) and the 
Gulf of Aqaba in Jordan (Al-Rousan et al. 2007). The anomalously high 
concentrations of REEs and other trace metals reported in these studies were 
attributed to high sedimentation rates derived from mining activities, the 
construction of a nuclear power station and land-use changes.  
 
Based on the results obtained from our coral and compared to data worldwide, it 
can be concluded that NTB water quality has substantially deteriorated as a result 
of excessive contaminants being delivered to the bay and local coral reefs. This is 
of great concern as these reefs may have been exceedingly stressed as a result of 
such a large increase in pollutants. There is a general consensus that increased 
sedimentation, nutrients and metals can severely impede the overall health of 
coral reefs and lead to high rates of mortality in coral communities (Esslemont et 
al. 2004). This would decrease the viability of, or completely destroy, the existing 
coral reef ecosystem in NTB if they are to continue. Therefore, we recommend 
that the disposal of dredged materials and pollutants into NTB should cease 
immediately and considerable action should be taken to better manage other 
coastal water bodies to prevent further degradation of this national treasure.      
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Figure 1: Map showing Nha Trang Bay, Vietnam. Also shown is the sampling location, Tac River 
dredging area and dumping sites, Nha Trang Port and Cai River.  
Figure 2: Sr/Ca ratios in the coral collected from Nha Trang Bay (a) and monthly sea surface 
temperature (b) derived from NOAA_OI_SST_V2 data for 12o30’N and 109o30’E 
(http://www.esrl.noaa.gov/psd/). The maximum Sr/Ca ratio corresponds to the lowest winter 
temperature. Positive X-ray image of the Porites coral investigated in this study showing the 
sampling direction and annual growth layers deduced from the Sr/Ca ratios (c) 
Figure 3: Time series of geochemical data in the coral collected in Nha Trang Bay from 1995 to 
2009, including:  Total REY (left) and Mn (right) patterns (3a);  patterns of other trace elements 
(3b, c, d & e; see text for details); and La and Ce anomalies, and inverted molar Y/Ho ratios (3f). 
The arrows indicate the beginning of coastal development projects (3a). All geochemical data 
(with the exception of Cu, Fe and U) correlates well with the timing of construction activities. 
Figure 4: The average Post Archean Australian Shale (PAAS) -normalised REY patterns for each 
period (as shown in Fig. 3) from 1995 to 2009.  
 
 
